1. Introduction {#s0005}
===============

Many epidemiological studies have indicated that moderate alcohol intake is associated with preserved cognitive function in aging and reduced risk of dementia ([@bb0035]; [@bb0195]; [@bb0220]). In contrast, human neuroimaging studies have generally found that alcohol is associated with deleterious changes in the brain including global and regional brain shrinkage and white matter damage, with frontal lobes being particularly affected ([@bb0200]; [@bb0255]). However, most neuroimaging studies have focused on individuals with risky drinking patterns or alcohol use disorders. Relatively few have looked at associations of neuroimaging measures with alcohol use among community-based samples. Of those that have, some have found suggestions of a protective association of moderate drinking with white matter health ([@bb0190]; [@bb0135]), but others have not ([@bb0005]; [@bb0075]; [@bb0260]). Suggestions of a protective association of light-to-moderate alcohol intake on white matter lesions (WMLs) have been found for older adults ([@bb0135]; [@bb0190]), but not for middle-aged adults ([@bb0005]; [@bb0075]). It is possible that moderate alcohol intake may protect against the development of WMLs with advancing age, becoming evident only at older ages.

White matter is highly vulnerable to aging. WMLs, evidenced as areas of abnormal signal intensity within the white matter on magnetic resonance imaging (MRI), increase in prevalence with age ([@bb0115]; [@bb0140]) and are often of vascular origin ([@bb0030]; [@bb0085]). Moderate alcohol intake reduces the risk of cardiovascular morbidity and mortality through multiple potential pathways, including anti-atherosclerotic, anti-thrombotic and anti-inflammatory mechanisms ([@bb0020]; [@bb0060]; [@bb0225]). It is plausible that moderate alcohol intake may also protect against cerebrovascular dysfunction that contributes to white matter damage in aging.

Diffusion-weighted imaging, which is sensitive to microscopic changes in the brain that affect the free flow of water molecules, enables sensitive assessment of aging-related and health-related changes in brain white matter microstructure. White matter microstructure is often probed through the use of fractional anisotropy (FA) -- a measure of the degree to which water motion is restricted along a single direction. In white matter tracts, diffusion occurs most strongly along the tract length (axial diffusion), with axonal walls and myelin sheaths serving as barriers to the flow of water across the tract (radial diffusion). Axonal and myelin loss alter diffusion, as do other pathological changes such as increased fluid and loss of intracellular structures. Decreases in FA and increases in mean diffusivity occur with aging ([@bb0250]), and in individuals with alcohol use disorders ([@bb0205]). Alterations in white matter diffusion have been reported to precede development of WMLs ([@bb0110]), and thus may be a more sensitive index of white matter health than macroscopic lesions.

Here, we investigated the association between alcohol intake and white matter health in a cohort study of middle-aged men from across the USA, the Vietnam Era Twin Study of Aging (VETSA, ([@bb0155]; [@bb0150]). Based on prior findings of a positive association between moderate alcohol intake and cognitive function in aging ([@bb0195]; [@bb0220]), and on findings of cardioprotective effects of moderate drinking ([@bb0280]), we hypothesized that individuals who consume moderate amounts of alcohol would show indices of healthier white matter relative to those who do not drink or who drink more heavily, and that associations would be stronger for measures of white matter diffusion than for WMLs.

2. Material and methods {#s0010}
=======================

2.1. Participants {#s0015}
-----------------

VETSA participants were recruited from the Vietnam Era Twin Registry, a nationally distributed sample of male-male twin pairs who served in the United States military at some point between 1965 and 1975 ([@bb0100]). Participants are similar in health and lifestyle characteristics to American men in their age range ([@bb0235]). Although all VETSA participants are veterans, the majority (\~80%) did not experience combat situations.

The current study focused on 377 participants (including 132 twin pairs) who completed the wave 2 MRI visit between 2009 and 2013, whose anatomical and diffusion-weighted imaging data passed quality control. The study was conducted under institutional review board supervision at the participating institutions; all participants provided signed informed consent.

2.2. Alcohol intake {#s0020}
-------------------

Alcohol use was assessed as part of a structured medical history interview at each visit. Participants were asked if they had consumed ≥ 20 alcoholic drinks in their life. Those who responded 'Yes' were asked the number of days in the past 2 weeks in which they consumed beer, and how many beers they had on days in which they drank beer. These questions were repeated for wine and hard liquor. We summed across beverage types to yield the total number of drinks in the past 14 days. Participants also completed the Cage questionnaire, a 4 question interview designed to detect problematic drinking; scores \>1 are indicative of potential for alcohol use disorder ([@bb0080]).

In primary analyses, alcohol was treated as a categorical variable to enable separation of current nondrinkers from never drinkers (those who reported not consuming 20 drinks in their life). To examine dose effects, current alcohol consumers were divided into approximate quartiles, and groups are referred to as very light drinkers (1--3 drinks in the past 14 days); light drinkers (4--8 drinks); moderate drinkers (9--28 drinks); and heavier drinkers (\>28 drinks in the past 14 days; a level of drinking that may increase risk for alcohol-related problems according to the [@bb2010]).

In secondary analyses, we examined the association of alcohol with white matter metrics when alcohol was treated as a continuous variable (number of drinks in the past 14 days). Due to the non-normal distribution, values were log transformed after adding a constant (1) to avoid values of zero.

2.3. Health, behaviors, and socioeconomic covariates {#s0025}
----------------------------------------------------

We examined demographic, health, and behavioral variables that may be associated with alcohol intake, including age, race/ethnicity, indicators of socioeconomic status, adiposity, smoking, blood pressure, cholesterol, diabetes, and inflammation.

Information on educational attainment, family income, cigarette smoking and medical history were obtained from structured interviews. During the research visit, height, weight, and waist circumference were measured. Systolic and diastolic blood pressure (SBP and DBP) were measured as the average of 2 morning and 2 afternoon seated readings. Participants were classified as having hypertension based on SBP ≥ 140 mm Hg, DBP ≥ 90 mm Hg, self-report of a physician diagnosis, or self-reported use of antihypertensive medication for cardiovascular health.

Diabetes status was ascertained from self-report of a doctor\'s diagnosis or reported use of a diabetes-related medication. Fasting morning blood samples were obtained. Low- and high-density lipoprotein (LDL and HDL) cholesterol and triglycerides were assayed as part of a lipid panel via spectrophotometry. C-reactive protein (CRP) levels were assessed with nephelometry. Due to non-normal distributions, triglyceride, cholesterol, and CRP values were log-transformed prior to analyses. Assays were conducted by Quest Diagnostics Inc./Nichols Institute, San Juan Capistrano, CA.

2.4. Image acquisition and processing {#s0030}
-------------------------------------

T1-, T2-, proton-density- (PD) and diffusion-weighted images were obtained using standardized protocols on 3T scanners at two sites (University of California San Diego and Massachusetts General Hospital). Image acquisition details have been previously described ([@bb0090]; [@bb0180]). Image processing was performed at UC San Diego, using previously described procedures ([@bb0090]; [@bb0180]), and briefly summarized below.

2.5. White matter microstructure {#s0035}
--------------------------------

Diffusion-weighted images were corrected for distortions and registered to the T1-weighted image ([@bb0120]). Diffusion images were rigidly resampled, using cubic interpolation, into a standard orientation with 2 mm isotropic resolution. Conventional DTI methods were used to model the diffusion tensor as an ellipsoid where eigenvalues λ~1~, λ~2~, and λ~3~ define the three primary axes ([@bb0010]; [@bb0015]; [@bb0160]; [@bb0210]). Derived measures included FA, a scalar value of the degree of anisotropic diffusion within the voxel; axial diffusivity, the average diffusion along the primary axis; and radial diffusivity, the average diffusion along the two non-primary axes. Average values for specific fiber tracts were obtained using a probabilistic atlas of fiber tract locations and orientations ([@bb0120]). T1-weighted images were used to nonlinearly register the brain to a common space, and diffusion tensor orientation estimates were compared to the AtlasTrack atlas to obtain a map of the relative probability that a voxel belonged to a particular fiber given the location and similarity of diffusion orientations. These probability values were used to calculate weighted averages of the diffusion measures for each fiber tract. A fiber probability threshold of 0.08 was used to ensure that voxels with very low probability of belonging to a given fiber did not contribute to average values.

FreeSurfer software ([@bb0095]) was used to automatically segment gray matter, white matter and cerebral spinal fluid (CSF) on the high resolution structural image, and this information was used to identify and exclude voxels in fiber tract regions of interest that were primarily gray matter or CSF. Diffusion metrics in 12 major fiber tracts were analyzed: uncinate fasciculus (UF), inferior frontal-occipital fasciculus (IFOF), inferior and superior lateral fasciculi (ILF, SLF), cingulum and parahippocampal portions of the cingulum bundle (CgC, CgH), fornix, anterior thalamic radiations (ATR), corticospinal tract (CST), corpus callosum (CC), and forceps minor and forceps major (Fmin, Fmaj). Because a prior study indicated no hemispheric differences in the association of alcohol with diffusion metrics ([@bb0205]), right and left hemisphere measures were averaged.

2.6. White matter lesions {#s0040}
-------------------------

A multi-channel segmentation approach, which leverages complementary information in T1- T2- and PD-weighted volumes, was used to quantify WML volume. These measures were available for 348 participants. Details of the approach have been previously described ([@bb0090]). Briefly, T2 and PD volumes were registered to the T1 volume, all volumes were bias corrected, and then a 3-class tissue segmentation was performed (white matter, gray matter, CSF). WMLs were classified using morphological operators to identify voxel clusters originally segmented as gray matter that fell within anatomically-defined white matter regions, excluding partially-volumed voxels along ventricles. Results were visually reviewed and edited when necessary to correct misclassifications. Total white matter volume and WML volume were log-transformed due to non-normal distributions. The proportion of log total white matter that was accounted for by log WML volume was calculated to determine WML burden.

2.7. Statistical analysis {#s0045}
-------------------------

To determine whether demographic and clinical characteristics differed across alcohol groups, we used linear mixed-effect models (Proc Mixed SAS, version 9.4) for continuous variables, and chi-square tests for categorical variables. To assess stability of alcohol use, we computed the Pearson correlation between alcohol intake reported at the current visit with that reported in the visit that occurred 5 years previously (VETSA wave 1).

For our primary analyses we used linear-mixed effect models to determine whether white matter metrics differed between groups. Base models included fixed effects of scanner (one per site) and age. A "family ID" variable was included as a random effect to control for non-independence of twin data. Adjusted models included potentially confounding covariates that differed across groups at p \< 0.10, and included years of education, family income (categorized into ≤\$39,999; \$40,000--\$89,999, ≥\$90,000), SBP, HDL, smoking (never, current, former) and diabetes status (yes/no). When significant differences in FA were observed, secondary analyses examined whether diffusion differences occurred primarily along radial or axial directions. To assess the association between alcohol and WMLs, analyses were repeated using WML burden as the outcome variable. A probability value of p \< 0.05 was considered significant. We corrected for multiple comparisons across the 12 tracts using a false discovery rate approach taking into account the correlation between tracts to determine the effective number of independent tests ([@bb0165]). When significant associations of alcohol with DTI metrics were observed, following adjustment for multiple comparisons across the 12 tracts, post-hoc comparisons were performed to assess significance of differences between the moderate drinking group and the other 5 groups, using the Sidak adjustment for multiple comparisons.

In secondary analyses, we repeated the analyses treating alcohol as a continuous measure of log-transformed number of drinks over the past 14 day, and including alcohol as a non-linear variable.

We performed sensitivity analyses to determine whether outliers in the heavy drinking group accounted for observed decreases in FA among the heavy drinking group, by excluding 18 individuals who reported drinking \>56 drinks in the past 14 days (equivalent to \>4 drinks/day). We examined whether the inclusion of individuals with potential alcohol use disorders may have affected the results by excluding individuals with Cage scores \> 1. We also examined the influence of cardiometabolic disease on the results by repeating the analyses after excluding individuals with diabetes or with hypertension.

3. Results {#s0050}
==========

Participants were 61.8 (±2.62, range 56--66) years old, on average, predominantly white, non-Hispanic (88.6%), with an average education of 13.8 years (SD = 2.1, range 5--20 years). The majority (346/377; 92%) reported having consumed at least 20 alcoholic beverages in their life, and most (248/377, 66%) reported drinking in the past 14 days. Beer was the most frequently consumed beverage (197/248, 79% of current drinkers), followed by wine (118/248, 48%) and hard liquor (108/248, 44%). Many (134/248, 54%) reported drinking more than one type of alcohol. Among the 318 participants with data at both waves, number of drinks reported in wave 2 correlated with number of drinks reported 5 years previously in wave 1 at r = 0.67; p \< 0.001.

[Table 1](#t0005){ref-type="table"} shows the demographic, behavioral, and clinical characteristics of each group. Groups did not differ in age. Moderate drinkers had significantly higher family income than other groups. Heavy drinkers were more likely to be current smokers than other groups. HDL levels increased with increasing alcohol intake, and SBP was highest in the heavy drinking group. Rates of diabetes were highest among current non-drinkers and very light drinkers. The proportion of individuals with potential alcohol use problems (Cage questionnaire score \> 1) was highest among the heaviest drinking group, followed by current non-drinkers.Table 1Participant characteristics by alcohol group. Values shown are mean (standard deviation), unless otherwise indicated.Table 1Never drinker (N = 31)Current non-drinker (N = 98)Very light, 1--3 drinks (N = 69)Light, 4--8 drinks (N = 59)Moderate, 9--28 drinks (N = 68)Heavy, \> 28 drinks (N = 52)StatisticAge, years62.3 (2.3)61.3 (2.6)61.9 (2.6)62.0 (2.4)61.5 (2.8)62.4 (2.6)F(5,127) = 0.68; p = 0.64Education, years14. 5 (2.1)13. 5 (2.1)13. 8 (2.0)13.7 (2.0)14.1 (2.0)13.5 (2.3)F(5,127) = 1.94; p = 0.09White non-Hispanic, No. (%)26 (84)78 (80)61 (88)65 (92)62 (91)47 (90)χ^2^ (5) = 6.842; p = 0.25Drinks in past 14 days001.9 (0.8)5.5 (1.4)16.5 (5.7)57.0 (26.4)Family income, no. (%)χ^2^ (10) = 32.67; **p** \< **0.001** ≤\$39,9995 (16)30 (31)16 (23)3 (5)4 (6)10 (19) \$40,000--\$89,99920 (65)47 (48)37 (54)35 (61)34 (50)27 (52) ≥\$90,0006 (19)20 (21)16 (23)19 (33)30 (44)15 (29)Smoking status, no. (%)χ^2^**(10)** = **45.90; p** \< **0.001** Never27 (87)42 (43)31 (45)23 (39)27 (40)9 (17) Current2 (7)15 (15)14 (20)11 (19)10 (15)19 (37) Former2 (7)41 (42)24 (35)25 (37)31 (46)24 (46)BMI, kg/m^2^28.6 (3.2)28.8 (4.4)27.9 (4.8)29.6 (4.4)28.7 (4.5)27.9 (3.7)F(5,127) = 1.17; p = 0.33Waist, inches39.4 (3.4)39.9 (4.5)39.1 (4. 8)40.8 (4.0)38.9 (4.3)38.9 (4.2)F(5,126) = 1.17; p = 0.19Systolic BP, mm Hg123 (13)127 (17)125 (14)130 (16)128 (18)134 (16)**F(5,127)** = **2.56; p** = **0.03**Diastolic BP, mm Hg77.2 (9)78.5 (10)77.3 (8)78.3 (11)77.7 (10)81.0 (8)F(5,127) = 0.88; p = 0.50Log HDL[a](#tf0005){ref-type="table-fn"}3.76 (0.28)3.81 (0.27)3.80 (0.23)3.83 (0.30)3.91 (0.29)4.06 (0.28)**F(5,119)** = **11.62; p** \< **0.001**Log LDL[b](#tf0010){ref-type="table-fn"}4.66 (0.36)4.62 (0.35)4.65 (0.34)4.64 (0.29)4.66 (0.434)4.56 (0.36)F(5,113) = 0.80; p = 0.55Log triglycerides[a](#tf0005){ref-type="table-fn"}4.84 (0.50)4.79 (0.61)4.71 (0.55)4.74 (0.55)4.64 (0.55)4.66 (0.55)F(5,118) = 0.79; p = 0.56Log CRP[c](#tf0015){ref-type="table-fn"}0.21 (1.00)0.41 (1.10)0.41 (1.08)0.57 (1.15)0.16 (1.03)0.34 (0.98)F(5,121) = 0.78; p = 0.57HTN no. (%)17 (55)54 (55)31 (45)35 (59)27 (40)36 (69)**χ**^**2**^**(5)** = **13.29; p** = **0.02**HTN Med no. (%)16 (52)53 (54)32 (46)28 (48)24 (35)29 (56)χ^2^ (5) = 7. 34; p = 0.20Statin Med no. (%)8 (26)32 (33)28 (41)28 (48)24 (35)24 (46)χ^2^ (5) = 7. 24; p = 0.20Diabetes no. (%)1 (3)18 (18)16 (23)9 (15)4 (6)5 (10)**χ**^**2**^**(5)** = **14.0; p** = **0.02**Cage score \> 1 no. (%)036 (37)12 (17)10 (17)16 (23.5)32 (62)**χ**^**2**^**(5)** = **52.74; p** \< **0.001**[^1][^2][^3][^4]

3.1. Association between alcohol and white matter microstructure {#s0055}
----------------------------------------------------------------

[Fig. 1](#f0005){ref-type="fig"} shows mean FA in the 12 white matter tracts as a function of group. In base models, controlling for age, scanner and family-relatedness, differences in FA by alcohol group were significant after correction for multiple comparisons for the IFOF only ([Table 2](#t0010){ref-type="table"}), with highest FA among moderate drinkers. After adjusting for potentially confounding covariates that differed across groups (education, family income, SBP, HDL, smoking and diabetes status) significant effects were additionally observed for the UF, ATR, SLF, and Fmin, after correction for multiple comparisons ([Table 2](#t0010){ref-type="table"}). For all these tracts, average FA was highest for the moderate drinking group (9--28 drinks in 14 days) with lower FA for the heavier drinking group. Post-hoc pairwise comparisons comparing the moderate drinking group to the other groups indicated that FA among moderate drinkers was significantly higher than among never drinkers and non-drinkers for the IFOF; higher than among non-drinkers for the ATR and Fmin, and higher than among heavier drinkers for the UF, IFOF, ATR, and SLF (see [Fig. 1](#f0005){ref-type="fig"}).Fig. 1Fractional Anisotropy (FA) as a function of alcohol intake group for 12 white matter tracts. Estimated means are adjusted for scanner and age. Error bars indicate standard error of the mean. In fully adjusted models, FA differed significantly by alcohol group for the UF, IFOF, ATR, SLF, and Fmin. Significant post-hoc comparisons, after adjustment for multiple comparisons, are shown. UF = uncinate fasciculus; IFOF = inferior fronto-occipital fasciculus; ATR = anterior thalamic radiations; SLF = superior longitudinal fasciculus; ILF -- inferior longitudinal fasciculus; Fmin = forceps minor; Fmaj = forceps major; CC -- corpus callosum; FX = fornix, CgH = cingulum, parahippocampus; CgC = cingulum, cingulate; CST = corticospinal tract. \*p \< 0.05; \*\*p \< 0.01; \*\*\*p \< 0.001.Fig. 1Table 2Results of the base and fully-adjusted fixed effects linear models of differences in FA across alcohol groups.Table 2TractBase model[a](#tf0020){ref-type="table-fn"}Fully adjusted model[b](#tf0025){ref-type="table-fn"}Uncinate FasciculusF(5, 126) = 2.63; p = 0.03**F(5, 110)** = **2.87; p** = **0.02**Inferior fronto-occipital fasciculus**F(5, 126)** = **4.23; p** = **0.001F(5, 110)** = **4.59; p** \< **0.001**Anterior-thalamic radiationsF(5, 126) = 2.75; p = 0.02**F(5, 110)** = **3.16; p** = **0.01**Superior longitudinal fasciculusF(5, 126) = 2.86; p = 0.02**F(5, 110)** = **3.03; p** = **0.01**Inferior longitudinal fasciculusF(5, 126) = 2.18; p = 0.06F(5, 110) = 2.33; p = 0.05Corticospinal tractF(5, 126) = 1.20; p = 0.31F(5, 110) = 1.12; p = 0.35Forceps minorF(5, 126) = 2.61; p = 0.03**F(5, 113)** = **3.07; p** = **0.01**Forceps majorF(5, 126) = 0.45; p = 0.81F(5, 110) = 1.06; p = 0.39Corpus callosumF(5, 126) = 1.50; p = 0.20F(5, 110) = 2.49; p = 0.04FornixF(5, 126) = 1.68; p = 0.15F(5, 110) = 2.51; p = 0.03Cingulum - parahippocampusF(5, 126) = 0.44; p = 0.82F(5, 110) = 0.15; p = 0.98Cingulum - cingulateF(5, 126) = 0.74; p = 0.60F(5, 110) = 0.97; p = 0.44[^5][^6][^7]

Examination of radial and axial diffusivity in tracts showing significant association with FA revealed no differences across groups in axial diffusivity (all p values \> 0.1; see [Table 3](#t0015){ref-type="table"}), but significant group differences for radial diffusivity in the IFOF and Fmin ([Table 3](#t0015){ref-type="table"}), with lowest diffusivity among moderate drinkers, and higher diffusivity among heavy drinkers ([Fig. 2](#f0010){ref-type="fig"}).Fig. 2Radial diffusivity (RD) as a function of alcohol intake group for the five tracts that showed significant FA differences. Estimated means are adjusted for scanner and age. Error bars show standard error of the mean. Significant differences in RD were found for the IFOF and Fmin. Significant posthoc comparisons, after correction for multiple comparisons, are shown. For abbreviations, see legend for [Fig. 1](#f0005){ref-type="fig"}. \*p \< 0.05; \*\*p \< 0.01.Fig. 2Table 3Results of the fixed effects models of differences in radial and axial diffusivity across alcohol groups for the tracts showing significant differences in FA.Table 3TractRadial diffusivityAxial diffusivityUncinateF(5, 126) = 1.27; p = 0.28F(5, 126) = 0.94; p = 0.46Inferior fronto-occipital fasciculus**F(5, 126)** = **3.29; p** = **0.008**F(5, 126) = 0.95; p = 0.45Anterior thalamic radiationsF(5, 126) = 1.35; p = 0.25F(5, 126) = 0.54; p = 0.75Superior longitudinal fasciculusF(5, 126) = 2.29; p = 0.05F(5, 126) = 0.71; p = 0.62Forceps minor**F(5, 126)** = **3.17; p** = **0.01**F(5, 126) = 0.79; p = 0.56[^8]

Sensitivity analyses focused on the IFOF because this tract showed the strongest associations with alcohol intake. Sensitivity analyses were performed with adjustment for the same potential confounders included in the primary analyses. When alcohol was modeled as a continuous rather than categorical variable, there was a significant inverted-U association of alcohol with IFOF FA in base (F(1,129) = 11.80; p = 0.001) and fully adjusted models (F(1,113) 0 = 12.4; p = 0.001). When the primary analyses, treating alcohol as a categorical variable were repeated with exclusion of individuals who consumed \>56 drinks in the past 14 days, FA continued to be lower among the heaviest drinking group than among the moderate drinking group (Sidak adjusted p = 0.005). Excluding individuals with possible alcohol use disorders (Cage score \> 1), did not change the results: the main effect of alcohol remained significant F(5,58) = 5.73; p \< 0.001, and post-hoc comparisons showed greater FA among moderate drinkers than among current non-drinkers (Sidak adjusted p = 0.005), and heavier drinkers (Sidak adjusted p \< 0.001). Excluding individuals with diabetes (n = 53) did not change the results (base model, F(5,100) = 3.34, p = 0.008; fully adjusted model F(5,86) = 3.90, p = 0.003; raw p values). Although excluding individuals with hypertension (n = 200) reduced sample size by more than half, FA continued to differ across groups (base model: F(5,33) = 3.49; p = 0.012; fully adjusted model (F(5,23) = 3.38; p = 0.02), with highest FA among light and moderate drinkers and lowest FA among the never drinkers. Similar results were obtained after exclusion of individuals with either hypertension or diabetes (excluding 216 individuals; base model: F(5,28) = 2.73; p = 0.04; fully adjusted model (F(5,19) = 2.57; p = 0.061)).

3.2. Association between alcohol and white matter lesions {#s0060}
---------------------------------------------------------

The linear mixed effect model showed no significant differences in WML burden as a function of alcohol group (F(5,113) = 1.50; p = 0.20; [Fig. 3](#f0015){ref-type="fig"}). This was unchanged after adjustment for covariates (F(5,98) = 1.72; p = 0.14). However, when alcohol was treated as a continuous variable, there was evidence for a U-shaped association (base model: F(1,116) = 5.08; p = 0.026; fully adjusted model: F(1,101) = 4.50; p = 0.036). These results were unchanged after exclusion of heaviest drinkers (base model: F(1, 103) = 6.71; p = 0.01, fully adjusted model: (F(1,89) = 5.16; p = 0.026); Although the effect was attenuated, similar results were observed when restricted to those with Cage Score of 1 or less (base model (F(1,66) = 3.78; p = 0.056; fully adjusted model: F(1,53) = 3.27; p = 0.076). Exclusion of individuals with diabetes did not change the results (base model (F(1,92) = 5.16 p = 0.026; fully adjusted model: (F(1,79) = 4.34; p = 0.041), but the quadratic association was no longer significant after excluding individuals with hypertension (base model (F(1,32) = 0.27 p = 0.61); fully adjusted model: (F(1,22) = 0.29; p = 0.59). Exclusion of individuals with hypertension reduced WML burden among the heaviest drinking group but not among never drinkers, who continued to show highest WML burden.Fig. 3White matter lesion (WML) burden as a function of alcohol intake group. WMLs were calculated as the proportion of log abnormal white matter volume to log total white matter volume. Estimated means from the base model, which adjusted for scanner and age, are shown. Error bars indicate the standard error of the mean.Fig. 3

4. Discussion {#s0065}
=============

Numerous studies have indicated that chronic alcoholism is associated with detrimental changes in the brain ([@bb0125]; [@bb0200]; [@bb0255]). However, few studies have focused on effects of moderate drinking on healthy brain aging. We found evidence for an inverted-U shaped association between alcohol intake and white matter microstructure and gross WMLs, with stronger associations observed for white matter microstructure. For both types of measures, light to moderate alcohol intake was associated with indices of better white matter health than non-drinking or heavier drinking.

Several white matter tracts that travel through the frontal lobe showed signs of better white matter microstructural integrity among moderate drinkers, with most pronounced associations in the IFOF, a major white matter tract that extends from occipital cortex to the inferior frontal lobe. FA in the IFOF increased with increasing alcohol intake, reaching a maximum at the moderate drinking level (9--28 drinks in the prior 14 days), then decreasing with greater alcohol intake. A similar pattern was also observed in the anterior projections of the thalamus and the forceps minor - the anterior fibers of the corpus callosum that connect left and right frontal cortex. Significantly decreased FA in heavy drinkers (\>28 drinks in 14 days) relative to moderate drinkers was also observed in the UF, a fiber tract that connects anterior temporal to prefrontal cortex, and the SLF, a fiber tract that connects posterior temporal and parietal areas to frontal cortex.

The finding of reduced FA with heavier drinking is consistent with results from studies of individuals with alcohol use disorders or risky drinking patterns, who have shown decreased FA and increased radial diffusivity in frontal and superior white matter tracts ([@bb0130]; [@bb0205]; [@bb0285]). Animal models of binge drinking and human neuropathological studies on individuals with alcohol use disorders have demonstrated neuronal loss, primarily in frontal association cortex, and alterations in white matter, including myelin damage ([@bb0230]; [@bb0275]).

Given the multitude of factors that can affect alterations in diffusion, we cannot be certain of the neurobiological basis of the differences observed here ([@bb0025]; [@bb0270]). However, animal and human histopathological studies indicate that myelin damage increases radial diffusivity and reduces FA, and that FA primarily reflects radial rather than axial diffusivity ([@bb0055]; [@bb0145]; [@bb0245]). Thus, reduced FA and increased radial diffusivity among the heavier drinking group may reflect myelin damage related to heavy alcohol exposure, whereas the increased FA and decreased radial diffusivity among moderate drinkers may reflect better-preserved myelin.

WMLs are common among older adults, particularly those with hypertension, and are commonly associated with ischemic damage ([@bb0030]; [@bb0085]). We previously reported that in this middle-aged sample, WMLs were predominantly located in periventricular and deep frontal and parietal white matter, and were positively associated with age and hypertension ([@bb0090]). The U-shaped association between alcohol and WMLs observed here is consistent with findings from two studies of older adults, the Cardiovascular Health Study ([@bb0190]) (aged 65+ years) and the Rotterdam study ([@bb0135]) (aged 60--90 years) in which light-to-moderate drinkers showed fewer WMLs than did abstainers or heavy drinkers. Our findings differ from the null results reported in two studies of middle-aged adults, the ARIC ([@bb0075]) (mean age 57 years) and PATH Through Life (60--64 years) studies ([@bb0005]). However, the ARIC study ([@bb0075]) contained too few heavy drinkers to examine WMLs separately in heavy drinkers, and the PATH Through Life study ([@bb0005]) did not differentiate between never drinkers and current non-drinkers. Additionally, our multi-channel segmentation method for quantifying WMLs is likely more sensitive than semi-quantitative methods for grading WMLs ([@bb0075]), or than methods that rely on less information ([@bb0005]). It may, thus, improve ability to detect subtle differences in WMLs in our middle-aged sample. Our results suggest that putative effects of alcohol on WMLs are already present in midlife (ages 56--66 years). Because alterations in white matter diffusion appear to precede development of WMLs ([@bb0110]), our results also suggest that associations of alcohol with white matter microstructure may be evident even earlier in life and may be more reliably detected than WMLs in midlife adults. Given that white matter microstructure deteriorates with age ([@bb0115]), the observed associations will likely increase with age. Ongoing follow-up will enable us to address this issue.

There are several pathways by which alcohol may exert protective effects. Alcohol intake increases HDL levels, which in turn, are associated with reduced risk of atherosclerosis ([@bb0225]). HDL levels increased systematically across our alcohol groups, with highest levels among the heaviest drinking group. Inclusion of HDL in the adjusted models did not attenuate the observed associations, suggesting that differences in HDL do not underlie the associations of alcohol with white matter microstructure. Alcohol also has anti-inflammatory properties ([@bb0060]; [@bb0065]); however, CRP levels did not differ across groups. Other mechanisms not assessed here, such as alcohol\'s anticoagulant effects or possible direct neuroprotective effects ([@bb0060]), may underlie the observed association of higher FA among moderate drinkers.

A frequently-cited concern regarding studies that report health benefits of alcohol is the use of non-drinking comparison groups that mix former drinkers with abstainers. Former drinkers may have poorer health than current drinkers ([@bb0215]; [@bb0265]) and lifetime abstainers may differ from drinkers in numerous factors that may also affect health ([@bb0045]). The finding that approximately 30% of our current non-drinking group had a Cage score \> 1 suggests that this group contained individuals with a history of prior heavy drinking. However, excluding these individuals from the analyses did not materially change the results. Furthermore, our finding that moderate drinkers showed higher IFOF FA than lighter drinkers also suggests that the protective associations of alcohol observed here do not arise from confounds related to non-drinkers. Moderate drinking was associated with higher family income, which may be associated with increased access to health care and ability to pursue a healthy lifestyle. Including income and education as covariates in the analyses did not attenuate the associations, but residual confounding cannot be ruled out.

Hypertension and diabetes are also important potential confounders, since these diseases are associated with increased risk of white matter damage ([@bb0030]; [@bb0085]; [@bb0105]), and moderate drinkers showed lowest prevalence of these disorders. Although it is possible that this may be a manifestation of cardiovascular benefits of a history of moderate drinking, particularly with regard to diabetes ([@bb0170]), sensitivity analyses excluding individuals with diabetes or hypertension continued to show higher FA among light and moderate drinkers than among non-drinkers and very light drinkers. However, the U-shaped association of WML burden with alcohol intake was no longer significant after excluding individuals with hypertension. After exclusion of individuals with hypertension, the heaviest drinking group no longer showed higher WML burden than other drinkers. Because heavy alcohol intake is a well-known risk factor for hypertension ([@bb0170]), and hypertension is one of the strongest predictors of white matter damage ([@bb0240]), this suggests that alcohol-related hypertension may underlie the higher WML burden observed among heavy drinkers.

This study has other limitations. Self-reported alcohol use is prone to under-estimation ([@bb0070]). However, this would not affect the rank-order of alcohol intake groups, but does limit our ability to determine thresholds at which associations change from beneficial to harmful. Additionally, we used single time-point assessment of alcohol use, which may not adequately reflect an individual\'s history of alcohol exposure. However, studies have shown that alcohol use tends to remain stable in middle and older age ([@bb0040]; [@bb0050]; [@bb0175]; [@bb0185]), and we observed a high correlation (r = 0.67) between self-reported alcohol use in VETSA waves 1 and 2. Finally, the sample was restricted to primarily white men. Thus, findings may not generalize to women or other races or ethnicities.

5. Conclusions {#s0070}
==============

Among middle-aged men, moderate alcohol intake appears to be associated with signs of healthier brain white matter, whereas heavier alcohol intake is associated with signs of white matter damage. Given the correlational nature of this study, caution is warranted in interpreting the findings to suggest a causal effect of alcohol on brain white matter health. Our analyses did adjust for multiple health and demographic factors, thus minimizing their potential as alternative causal factors. Nevertheless, other factors, not assessed here, may underlie the observed associations. Our findings extend previously reported possible beneficial associations of alcohol with cardiovascular health to measures of brain health. They show that these associations occur in middle age, prior to the age at which substantial age-related cognitive decline typically manifests. Longitudinal follow-up is needed to determine whether moderate alcohol intake during middle life is related to rate of white matter decline in older age.
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[^1]: BMI = body mass index; HTN = hypertension; HDL = high density lipoprotein cholesterol LDL = low density lipoprotein cholesterol; CRP = C-reactive protein; BP = blood pressure, Med = medicine. Analyses showing significant differences across groups are shown in bold.

[^2]: HDL and triglyceride values were unavailable for 24 participants;

[^3]: LDL levels were unavailable for 27 participants;

[^4]: CRP levels were unavailable for 12 participants.

[^5]: Significant effects after correction for multiple comparisons, are shown in bold.

[^6]: Base models include age and site as covariates, and family-relatedness as a random effect.

[^7]: Fully adjusted models additionally included education, family income, smoking status, average systolic blood pressure, diabetes status, and high density lipoprotein level as covariates.

[^8]: \*Models adjusted for age, scanner, education, family income, smoking status, average systolic blood pressure, diabetes status, and high density lipoprotein level as covariates. Family-relatedness was included as a random effect. Significant effects after correction for multiple comparisons are shown in bold.
